We report an extraordinary pressure dependence of the magnetic interactions in the metal-organic system [(CuF2(H2O)2)2pyrazine]. At zero pressure, this material realizes a quasi-two-dimensional (Q2D) spin-1/2 square-lattice Heisenberg antiferromagnet. By high-pressure, high-field susceptibility measurements we show that the dominant exchange parameter is reduced continuously by a factor of 2 upon compression. Above 18 kbar, a phase transition occurs, inducing an orbital reordering that switches the dimensionality, transforming the Q2D lattice into weakly coupled chains (Q1D). We explain the microscopic mechanisms for both phenomena by combining detailed x-ray and neutron diffraction results with quantitative modeling using spin-polarized density functional theory.
We report an extraordinary pressure dependence of the magnetic interactions in the metal-organic system [(CuF2(H2O)2)2pyrazine]. At zero pressure, this material realizes a quasi-two-dimensional (Q2D) spin-1/2 square-lattice Heisenberg antiferromagnet. By high-pressure, high-field susceptibility measurements we show that the dominant exchange parameter is reduced continuously by a factor of 2 upon compression. Above 18 kbar, a phase transition occurs, inducing an orbital reordering that switches the dimensionality, transforming the Q2D lattice into weakly coupled chains (Q1D). We explain the microscopic mechanisms for both phenomena by combining detailed x-ray and neutron diffraction results with quantitative modeling using spin-polarized density functional theory.
Quantum fluctuations are especially strong in lowdimensional systems, giving rise to numerous exotic phenomena in quantum magnetism [1] [2] [3] . The design and control of materials with quasi-one-(Q1D) and quasitwo-dimensional (Q2D) antiferromagnetic (AFM) interactions is of particular interest for potential applications in AFM spintronics, where energy efficiencies are outstanding compared to ferromagnets and the spin dynamics is faster by orders of magnitude [4] [5] [6] . A full exploitation of this potential requires further progress in theoretical, experimental, and materials physics, specifically designer low-dimensional materials with experimentally controlled magnetic exchange to benchmark accurate theoretical descriptions.
Metal-organic compounds based on Cu
2+ ions make excellent model quantum magnets because of their localized spin-1/2 moments and large charge gap. Suitable materials are based on coordination polymers with rigid linkers such as pyrazine (pyz), which provide Cu 2+ networks with exchange parameters on the scale of 0.1-10 K that are robust and strongly anisotropic in space [7, 8] . These interactions can be determined to high accuracy from thermodynamic and spectroscopic measurements, and interaction control can be achieved by chemistry or physics. Chemical variation of ligands and counter-ions allows for significant modification [9, 10] , to the point of dimensionality control [11] , while fine-tuning is possible by isotopic substitution [12] . Physically, an applied pressure provides direct control of structural and, in turn, magnetic properties [13, 14] .
In this Letter, we report on the behavior of [(CuF 2 (H 2 O) 2 ) 2 pyz] under pressure. Magnetic susceptibility measurements show a massive and continuous change of the dominant exchange parameter in two different low-dimensional realizations, a Q2D spin-1/2 squarelattice antiferromagnet at pressures up to 18 kbar and Q1D AFM chains at higher pressures. This giant pressure dependence is extreme compared to all reported organic and inorganic materials [15] . By diffraction studies and quantitative modeling using spin-polarized density functional theory (DFT), we show that its origin lies in the pressure-sensitivity of superexchange paths involving water ligands. Our results allow unprecedented control of magnetic interactions and thus represent an important step towards materials choices for quantum magnetism by design.
Single crystals of [(CuF 2 (H 2 O) 2 ) 2 pyz] were grown as described in Sec. S1 of the Supplemental Material (SM) [16] . Magnetic susceptibility measurements were performed using a Tunnel Diode Oscillator (TDO), as detailed in Sec. S2 of the SM [16] , while the magnetic exchange was controlled by isotropic compression of a sam- ple aligned with the crystallographic a-axis parallel to the field. We performed two independent experiments using (i) a piston cylinder cell for pressures up to 17.9 kbar in fields up to 35 T and temperatures down to 1.5 K and (ii) a specially designed Moissanite anvil cell for pressures up to 37.1 kbar with maximum field 18 T and minimum temperature 0.4 K. The TDO resonance frequency is shown in Fig. 1 (a) as a function of field at five different pressures and a constant temperature of 1.5 K. The magnetic susceptibility, χ = ∂M/∂H in Fig. 1(b) , was obtained by subtracting the magnetoresistive background of the resonator coil from the resonance frequency. The peak observed at low fields is due to a spin-flop transition, occuring at B sf = 1.2 T at 1.5 kbar and shifting to 1.0 T at 17.9 kbar. Otherwise χ shows a gradual increase with field and a pronounced peak prior to saturation. The magnetization [ Fig. 1(c) ], obtained by integrating χ, changes little for fields below B sf , then shows increasing field-alignment up to a saturation field B c that changes dramatically with pressure.
The Néel temperature, T N in Fig. 2(a) , was determined by measuring the temperature dependence of the resonance frequency at B sf , which allows for a precise measurement of T N because the changes are particularly pronounced at resonance. The relative change of T N with pressure is also dramatic, and quite unprecedented over such a pressure range. We note that T N is a significant fraction of our measurement temperature, and thus care is required to extract the underlying magnetic exchange parameters from a consistent fitting procedure.
is a prototypical spin-1/2 square-lattice antiferromagnet with dominant in-plane magnetic exchange, J 0 , and weak interlayer interactions [14] .
We demonstrate that [(CuF 2 (H 2 O) 2 ) 2 pyz] has three interlayer exchange parameters and present a full analysis of J 1 , J 2 , and J 3 in connection with Fig. 3 , but to complete the experimental analysis we take the result that J 1 and J 2 are relevant at low pressures. We have performed neutron diffraction measurements of the magnetic structure of [(CuF 2 (H 2 O) 2 ) 2 pyz], detailed in Sec. S3 of the SM [16] , which establish that J 1 is AFM and J 2 is FM. However, within the mean-field Random Phase Approximation (RPA) treatment [30] summarized in Sec. S5 of the SM [16] , one may show that only the sum |J 1 | + |J 2 | = 2J ⊥ enters, and hence extract a single interlayer exchange parameter, J ⊥ .
For a full investigation of pressure dependence, we note that gµ B B c (P ) = 4J 0 (P ) + 2J ⊥ (P ) is the sum of all interaction strengths at a single Cu 2+ site, with g = 2.42 determined experimentally for B a [14] . J 0 (P ) and T N (P ) can be used to determine one interlayer exchange parameter by employing the empirical relation
developed from quantum Monte Carlo (QMC) simulations for the spin-1/2 Q2D AFM Heisenberg model [29] , where b = 2.43 is a non-universal constant and ρ s = 0.183J 0 is the spin stiffness. This equation is valid for 0.001 ≤ J ⊥ /J 0 ≤ 1 and is obtained from a modified RPA (Sec. S5 of the SM [16] ). With these equations as constraints, we obtain selfconsistent values for J 0 (P ) and J ⊥ (P ) by computing the magnetic susceptibility. We perform QMC simulations using the ALPS open-source code [40] , as detailed in Sec. S6 of the SM. The results of Fig. 1(b) can be reproduced with quantitative accuracy at all fields and pressures by using a nearest-neighbor XXZ Hamiltonian on a simple cubic lattice, as illustrated in Fig. 1(d) for the data at P = 1.5 kbar. The spin-flop transition means that the SU(2) spin symmetry is broken down to U(1), and the measured B sf value is obtained by setting ∆J We show our results for B c (P ) in Fig. 2 (b) and for J 0 (P ) and J ⊥ (P ) in Fig. 2(d) . Linear fits for the low-pressure (α) phase yield J 0 (P ) = 11.4(1) K − 0.34(1) P K/kbar and J ⊥ (P ) = 0.33(1) K − 0.005(1) P K/kbar. Such a large coefficient for J 0 is quite extraordinary. In Fig. 2(c) we show the ratio T N /B c as a function of pressure. Mean-field arguments predict both T N and B c to be proportional to the sum of all interactions and hence their ratio to be constant. However, quantum fluctuations in low-dimensional systems suppress T N (to zero in the 1D and 2D limits) but not B c . Because T N /B c is maximal for an isotropic (3D) system, our results imply that the Q2D system becomes slightly more 3D (i.e. J ⊥ /J 0 increases) with increasing pressure up to 18 kbar.
The discontinuous change at 18 kbar marks a transition to a different low-dimensional magnetic phase. We find (below) that it is caused by a structural phase transition to a high-pressure β-phase. Here, the J 3 exchange becomes dominant, defining a system of AFM spin-1/2 chains, while J ⊥ corresponds to the arithmetic mean of J 0 , J 1 , and J 2 . For this Q1D case one has gµ b B c = 2J 3 + 4J ⊥ and (2) where c = 0.233 and l = 2.6 [29] .
A linear fit to the results for the β-phase yields J 3 (P ) = 12.7(1) K − 0.15(1) P K/kbar and J ⊥ (P ) = 1.6(5) K − 0.03(1) P K/kbar; the coefficient of J 3 (P ) is again anomalously large.
To understand the giant pressure dependence of magnetic exchange in [(CuF 2 (H 2 O) 2 ) 2 pyz], we have performed structural investigations by x-ray diffraction in order to benchmark first-principles calculations using spin-polarized DFT. As detailed in Sec. S4 of the SM [16] , we made high-pressure single-crystal x-ray diffraction measurements at ambient temperature and powder measurements at 5 K. The unit-cell parameters and bond distances for different pressures are reported in Tables S1  and S2 of the SM [16] and full structural details are provided as crystallographic information files (CIFs). As 2+ -H 2 O bond and the interbilayer Cu-pyrazine direction is due to the "pseudo-Jahn-Teller" distortion. Upon compression, both axial ligands progressively approach Cu: Cu-N decreases from 2.40 to 2.30Å, whereas Cu-O decreases from 2.52 to 2.47Å (Table S2 ). Due to the stronger field of the pyz ligand, the Cu-N shortening is expected to affect more the metal stereochemistry. As shown below, this decrease is responsible for the giant pressure dependence of J 0 .
A structural phase transition was observed at 18 kbar. The high-pressure β-phase, shown in Figs. 3(d)-3(f) , is characterized by a dramatic reduction of the Cu-N formally axial to 2.1Å and an even stronger increase of the formerly equatorial Cu-O distances by up to 25% (Table  S2 ). This structural rearrangement indicates a change of the pseudo-Jahn-Teller axes [ Fig. 3(f) ]. However, we 
Exchange parameters calculated as function of pressure for the α-and β-phases using spin-polarized DFT.
note that the Cu-N distance remains longer than for a regular pyrazine coordination (2.05Å).
We use the lattice symmetry and approximate atomic positions at ambient pressure as input for geometry optimizations within periodic DFT calculations, which we perform using CRYSTAL14 [31] as outlined in Sec. S7 of the SM [16] . These reproduce all of the observed structural features, including their evolution as a function of pressures. They demonstrate that the β-phase is more stable than α for pressures above 18 kbar, i.e. the DFT calculations provide quantitative agreement on the critical pressure for the structural transition.
To
, we identify the four Cu-Cu pathways shown in Fig. 3 . We obtain the exchange parameters from the energy differences between highand low-spin states of dinuclear fragments, calculated using the GAUSSIAN09 package [35] with the procedure described in Ref. [37] and summarized in Sec. S7 of the SM [16] . We find that the Cu 2+ ions have the highest spin densities, with the remaining fraction delocalized on the ligands. In the α-phase, the magnetic orbitals involve F − and H 2 O ligands [ Fig. 3(c) ] and the primary contribution to J 0 is from superexchange via Cu-O-H· · · F-Cu paths, making Q2D magnetic layers that match the distorted structural square lattice (Fig. 3(b) and Ref. [22] ). The other exchange paths, marked J 1 , J 2 , and J 3 in Fig. 3(a) , are poorly directed relative to the magnetic orbital and are small.
The calculated magnetic exchange parameters are shown in Fig. 4 . DFT calculations without explicit account of correlation effects cannot in general obtain exchange parameters with quantitative accuracy, but their qualitative features contain essential physical insight. Most importantly, the giant decrease of J 0 in the α-phase is in good qualitative agreement with experiment [ Fig. 2(d) ]. Its microscopic origin lies mainly in the decrease of the axial Cu-N distance, which causes a systematic redistribution of the equatorial spin density of the magnetic orbital [ Fig. 3(c) ] up to an orbital re-ordering and the occurrence of β-phase. DFT indicates further that all of the subdominant exchange parameters are small. Although this places them below the resolution limits of our calculations [41] , it also supports the experimental analysis above. We draw attention to the trend visible in DFT that compression of the axial bonds enhances J 3 strongly, from 60 mK at ambient pressure to 1.3 K at 20 kbar, without affecting J 1 or J 2 significantly.
In the β-phase, the magnetic orbital revealed by the DFT spin density encompasses the two F − ions and the formerly axial water and pyz ligands [ Fig. 3(f) ]. This orbital reorientation corresponds to the switch of the pseudo-Jahn-Teller axes and is responsible for the massive jumps in all of the exchange parameters (Fig. 4) . J 3 becomes the dominant exchange parameter [ Fig. 3(e) ], whereas J 1 is significantly smaller (by a factor of 8 in our calculations). J 0 and J 2 are even weaker, because they involve water ligands lying normal to the magnetic orbital [ Fig. 3(f) ]. Hence the system becomes Q1D due to the dominance of J 3 . This pressure-induced switching of orbital orientation and system dimensionality is analogous to the transitions reported for the "monolayer" material [CuF 2 (H 2 O) 2 pyz] [42, 43] and occurs despite the differences in Cu 2+ coordination. In neither case does the reorientation affect the covalently bonded part of the structure, although it modifies slightly the non-covalent interactions. We comment that, in contrast to the bilayer system, the monolayer one shows no significant pressure effect on the magnetic exchange away from the transition [44] .
Our combined experimental and theoretical results both demonstrate unequivocally and explain qualitatively the dramatic changes in the magnetic properties in [(CuF 2 (H 2 O) 2 ) 2 pyz] under applied hydrostatic pressure. There are two quite different types of change, namely (i) a giant but continuous decrease of the magnetic exchange parameter within the square lattice as the pressure is increased up to 18 kbar and (ii) a discontinuous switching of the dimensionality of magnetic exchange from Q2D to Q1D above 18 kbar.
To explain results (i) and (ii), we have performed spinpolarized DFT calculations. Our magnetic calculations show that the key structural feature in the α-phase is the compression of the Jahn-Teller axes, which causes a progressive redistribution in the spin density of the magnetic orbital and thus the systematic and extremely strong reduction of the in-plane exchange. In the β-phase we find an abrupt switch in orientation of the magnetic orbital, causing the exchange to become dominated by the intrabilayer exchange J 3 and thus making a magnetic network that is Q1D, explaining the especially low T N /B c in Fig. 2(c) .
While our first-principles structural calculations for [(CuF 2 (H 2 O) 2 ) 2 pyz] under pressure are reliable at a quantitative level, our spin-dependent energetic calculations are not. Nevertheless, they do reproduce correctly the order of importance and the ratios of the exchange parameters at all pressures on both sides of the transition [ Figs. 4 and 2(d) ]. One key qualitative point is the DFT insight into the exchange parameters J 1 , J 2 , and J 3 , and specifically the fact that all of the subdominant parameters are weak, which allows us to disentangle them from a formalism based only on parameters J 0 and J ⊥ . However, DFT does predict an increase of J 3 with pressure in the β-phase, in contrast to the decrease observed in experiment. Finally, a particularly valuable feature of our DFT results is to show the contributions of the different ligands involved in the superexchange paths, which is of vital importance in designing quantum magnets using metal-organic coordination polymers.
At a fundamental level, our experiments provide extreme sensitivity for investigating questions such as the evolution of entanglement in the many-body wavefunction, in particular close to quantum phase transitions. Neutron spectroscopy allows a direct probe of magnetic correlations and excitations. Recent measurements on the monolayer material [CuF 2 (H 2 O) 2 pyz] [45] revealed that the orbital reorientation induces a first-order spinwave to spinon transition of the magnetic excitations. Our findings show that [(CuF 2 (H 2 O) 2 ) 2 pyz] is a further excellent candidate for these studies, not only because the key physics occurs at accessible pressure, field, and temperature conditions, or even because of the dimensionality switching, but because of the enormous range of parameter ratios spanned continuously by this material.
At a more applied level, our measurements make [(CuF 2 (H 2 O) 2 ) 2 pyz] an important model system for benchmarking any theoretical approach aiming to provide a quantitative description of magnetic properties from first principles. Our results afford direct insight into the toolkit of metal-organic chemistry, in terms of the ligands and linking units giving maximal flexibility and control of magnetic exchange. Thus they provide an important step towards designing quantum magnets for applications in AFM spintronics, where we anticipate that pressure effects will be created using multiferroic substrate materials. For such devices to be realized in layered heterostructures, it is critical that the dimensionality switching should leave the effective low-dimensional magnetic system in the plane of the layer, which is the
In summary, we have observed and explained a giant pressure dependence of the magnetic exchange in the metal-organic quantum magnet [(CuF 2 (H 2 O) 2 ) 2 pyz]. The combination of modern synthetic chemistry, highprecision physical measurements under extreme conditions, and state-of-the-art first-principles calculations allows a vital benchmarking of theoretical methods and provides a promising strategy for designing quantum materials with outstanding properties on demand.
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S2. TUNNEL DIODE OSCILLATOR MEASUREMENTS
The TDO susceptometer consists of an oscillator circuit with a tunnel diode and a resonant LC circuit where the sample is contained inside the inductor. Neglecting small parasitic components and lengthscales, the oscillation frequency is given by ω ∝ 1/ √ LC, where L is modified by the susceptibility of the sample [S2-S4] . Measurements using the piston-cylinder pressure cell were performed at the US National High Magnetic Field Laboratory's (NHMFL's) 35 T, 32 mm-bore resistive magnet (cell 12). The inductor was a single-layer coil, 800 µm in diameter, of 25 turns wound with 28 µm Cu wire. The piston cell was cooled by a 4 He cryostat with a variabletemperature insert, where temperature is controlled by the flow of He gas entering the sample area from a valve at the base of the instrument. Susceptibility measurements were made at a temperature of 1.5 K and pressures of 0.5, 1.5, 6.0, 13.6, and 17.9 kbar. Our experiments at higher pressures were performed using a Moissanite anvil cell with 800 µm culets; Ref. [S5] describes a similar design. Here, the resonator coil had an outer diameter of 150 µm, with 3 turns of 14 µm-diameter copper wire (including insulation). Measurements were made in the NHMFL's superconducting magnet system SCM 2, where the base temperature is reached by condensing 3 He gas to liquid using a 1 K pot. These measurements were performed at a temperature of 0.4 K and pressures of 16.1, 25.8, 31.9, and 37.1 kbar. Daphne 7474 was used as pressure-transmitting medium [S6] and the pressure was determined in situ from the fluorescence of a ruby crystal.
S3. NEUTRON DIFFRACTION
Neutron diffraction measurements were performed on deuterated single crystals of [(CuF 2 (H 2 O) 2 ) 2 pyz] using the TriCS single-crystal diffractometer at the Swiss Spallation Neutron Source, SINQ, at the Paul Scherrer Institute. Datasets were collected at ambient pressure at temperatures of 7 K and 1.5 K, which lie above and below the magnetic transition. The wavelengths used were 1.18Å and 2.32Å, respectively from Ge(311) and PG(002) monochromators. The magnetic propagation vector of [(CuF 2 (H 2 O) 2 ) 2 pyz] is k = (0 0 0), i.e. the magnetic peaks coincide with the structural Bragg peaks. The system is a Néel antiferromagnet within the bc plane (Fig. 3(b) of the main text). We find that the two planes within a bilayer unit are ferromagnetically coupled, meaning that J 2 < 0. By contrast, the bilayer units are antiferromagnetically coupled (J 1 > 0). The system has a fully ordered moment of 1 µ B , which we established by normalizing our results at 1.5 K with the structural data collected at 7 K.
S4. X-RAY DIFFRACTION
A single-crystal sample of [(CuF 2 (H 2 O) 2 ) 2 pyz] was compressed in a Merrill-Bassett diamond-anvil cell equipped with 0.5 mm diamonds and a steel gasket, pre-indented to 0.080 mm and with a 0.20 mm hole diameter.
Daphne oil was used as the pressuretransmitting medium and the pressure calibrated by the ruby-fluorescence method. The diffracted intensities were collected at 10, 18, and 33 kbar at room temperature using a Rigaku Oxford Diffraction SuperNova areadetector diffractometer, where the Mo Kα radiation (λ = 0.71073Å) is monochromated by mirror optics. For each pressure, in total 369 frames were collected in 1
• steps, with respective exposure times of 20 or 60 seconds for low or high scattering angles, and a fixed sampledetector distance of 68.0 mm; CrysAlisPro [S7] was used for the data collection, data reduction, and empirical absorption-correction. The structural model was refined by the least-squares method using SHELXL-2016 [S8] . 
Values reported at 5 K were obtained from high-resolution powder diffraction and confirm the absence of a low-temperature phase. Values at room temperature were obtained from refinements of single-crystal x-ray diffraction data. D atoms on the pyrazine ring were assigned geometrically and refined using a riding model with an isotropic thermal parameter equal to 1.2 times that of the corresponding parent atom. D atoms of the coordinating water molecules were refined with a restrained O-D distance for the α-phase and fixed at their geometrically optimized coordinates for the β-phase. Powder x-ray diffraction at ambient pressure and a temperature of 5 K was conducted at the Materials Science beamline at the Swiss Light Source [S9] . The sample was loaded in a 0.3 mm-diameter glass capillary, aligned to ensure rotation on axis, and fixed in a modified Janis cryostat. The temperature was driven by blowing He on the sample and controlled by the local infrastructure, which included a thermocouple at the exit of the He flow. The wavelength was calibrated as 0.56332Å, using the Si standard 640d from NIST, and instrument function was also calibrated against the diffraction of a similarlysized capillary containing powders of Na 2 Al 2 Ca 3 F 14 . A Mythen microstrip detector was used for the measurements. Data were collected at several temperatures while heating the sample back from 5 K, which showed evidence for the presence of [CuF 2 (H 2 O) 2 pyz] [S10], plus some small spurious peaks from the apparatus that were easy to identify because they do not move with temperature. The α-phase was observed as the primary constituent, with no evidence for a structural transition in the temperature range analyzed.
Full results for the structure of [(CuF 2 (H 2 O) 2 ) 2 pyz] are reported in Tables S1 and S2 and in the associated crystallographic information files. For some pressure points, only the unit cell was determined. In our measurements at 18 kbar, close to the phase transition, we detected two diffraction patterns simultaneously from the sample in the DAC, one corresponding to the α-phase and the other to the high-pressure β-phase. At 33 kbar, only the β-phase remained visible. At higher pressures, the single crystal was damaged too severely for further investigation.
S5. RANDOM-PHASE APPROXIMATION FOR QUASI-2D SUSCEPTIBILITIES
To provide a qualitative explanation for the forms of Eqs. (1) and (2) of the main text, and to simplify the parameter space of our QMC calculations, we discuss briefly the RPA form of the susceptibility in a strongly spatially anisotropic spin system. For a system of very weakly coupled magnetic units, the effect on a single unit of all its neighbors may be modelled as an effective static field, which is the origin of the name RPA. This field, which is staggered according to the magnetic ordering pattern of the units, can be added to the uniform external magnetic field to give a single, effective field h i on each site. Considering for illustration the Q2D case (the α-phase of [(CuF 2 (H 2 O) 2 ) 2 pyz]), we take the interlayer exchange parameter J 1 and J 2 to obey J 0 |J 1 |, |J 2 | > 0. Working in the classical mean-field approximation, at the level of linear response one may express the full 3D susceptibility as
where q ≡ (q , q ⊥ ) is the wavevector, ⊥ indicates the (stacking) direction perpendicular to the 2D layer and χ
2D
q is the 2D AFM susceptibility. On taking the uniform susceptibility, q ⊥ is determined by the signs of J 1 and J 2 and from Ref. [S11] one has
where c 2 is a non-universal constant and ρ s the 2D spin stiffness. Solving the pole equation given by the denominator of χ 3D q yields
or equivalently
This exponential dependence of J ⊥ on 1/T N is the basis of Eq. (1) of the main text and the special case |J 1 | = |J 2 | agrees with the results of Ref. [S12] . We comment that the parameters we obtain for the α-phase, J 0 /J ⊥ 35, mean that mean-field RPA, Eq. (S4), is already at the limit of its quantitative applicability, and hence we use the empirical formula of Ref.
[S12] (Eq. (1) of the main text). The analogous treatment of a Q1D system [S13] is the basis of the modified RPA giving Eq. (2) of the main text.
By the nature of their exchange paths, the interlayer exchange parameter J 1 and J 2 in the α-phase of [(CuF 2 (H 2 O) 2 ) 2 pyz] have unrelated values. However, for the QMC analysis of our experimental data, discussed in Sec. S5, we reduced the number of free parameters by the somewhat arbitrary assumption |J 1 | = |J 2 |. The RPA treatment demonstrates that the exact values of these weak exchange parameters have no significant influence on the qualitative aspects of our results, at least as long as neither vanishes. Although we have established the signs of J 1 and J 2 for [(CuF 2 (H 2 O) 2 ) 2 pyz] by our neutron diffration measurements of the magnetic structure (Sec. S4), the RPA treatment demonstrates that Eqs. (1) and (2) of the main text are valid for small FM, AFM, and alternating exchange along the stacking direction(s).
S6. QUANTUM MONTE CARLO SIMULATIONS
To model the susceptibility measured in the α-phase, despite the unknown values of the weak interlayer exchange parameters J 1 and J 2 , we invoke the RPA results of Sec. S3 to justify proceeding by setting J 1 = |J 2 | = J ⊥ . Thus we perform QMC simulations of a spin-1/2 system on a primitive cubic lattice with Hamiltonian
where n is the 2D vector specifying the sites in one layer, µ labels the two orthogonal unit vectors spanning the square plane [δ µ = (1, 0), (0, 1)], and m is the index along the stacking direction of the layers. The label a = x, y, z enumerates the spin components, which we differentiate because the presence of the spin-flop transition indicates a non-Heisenberg anisotropy in the interaction. We choose the z-direction to correspond to the crystallographic a-axis, which is aligned with the magnetic field, i.e. h z n,m = h and h x n,m = h y n,m = 0. We focus on the susceptibility data obtained at P = 1.5 kbar and set the exchange parameters to the values deduced from the corresponding B c and T N . Because the interaction anisotropy is expected to be weak, we neglect any anisotropy in the interlayer exchange parameters and take J ⊥ = 0.34 K. For the intralayer exchange parameters we take J x = J y = 10.83 K. For the g-factor we use the value reported under ambient conditions, g = 2.42 [S1] . To reproduce the observed spin-flop field, B sf 1.2 T, we find that the easy-axis anisotropy in J 0 should satisfy J z 0 − J x,y 0 = 0.09 K, coeresponding to an anisotropy of order 1%.
For each field value shown in Fig. 1(d) of the main text, we performed 10 4 Monte Carlo sweeps for thermalization and 8×10
5 sweeps after thermalization. The spin-flop transition is sensitive to finite-size effects and a rather large number of spins is required for an accurate description. For this reason we computed the susceptibility, magnetization, Binder cumulant, energy, and their auto-correlation times for different system sizes at the transition and verified that the value of the transition field, B sf , had converged to within 0.05 T as a function of system size, which was varied up to 64×64×64 spins. The stochastic error (one standard deviation) in the QMC susceptibility is 5% at the spin-flop transition and less than 0.3% elsewhere.
S7. AB INITIO CALCULATIONS
Optimization of the structure at different values of the pressure was performed for both α-and β-phases in their ferromagnetic configuration using periodic DFT, as implemented in the CRYSTAL14 package [S14] . The unrestricted functional B3LYP [S15, S16] and the basis set 6-31G(d,p) [S17] were used.
To compute the magnetic exchange, closed-shell fragments of the structure were selected to separate each possible exchange path. No further geometry optimization was performed on these fragments, because small variation in the geometry induced, for instance, by the absence of packing forces, can cause relevant changes of the exchange parameter. The use of fragments allows one to employ the extended 6-311G(2d,2p) basis set. DFT calculations using GAUSSIAN09 software [S18] were carried out in the gas phase to obtain the energies of highand broken-symmetry low-spin states of the fragments. Each of the exchange parameter could then be deduced separately from the energy differences, whereas in calculations with periodic boundary conditions some of the pathways shown in Fig. 3 of the main text would be mutually entangled.
We chose the functional B3LYP because it includes the correct amount of Hartree-Fock exchange for a proper description of high-and low-spin states [S19] , and has been shown in previous studies to predict correctly the exchange parameters in Cu 2+ -based metal-organic quantum magnets [S20, S21] . For comparison, we also tested other compatible functionals, such as B3P86 and M06 [S22] , and obtained analogous results, whereas functionals based purely on the generalized gradient approximation failed to produce meaningful exchange parameters.
